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CONVECTIVE HEAT-TRANSFER RATES ON LARGE-ANGLE
CONICAL BODIES AT HYPERSONIC SPEEDS
By David A. Stewart and Joseph G. Marvin

Ames Research Center

SUMMARY

Heat-transfer rates were measured on large-angle conical bodies with
large half-angles (§) between 50° and 90°, at angles of attack from 0° to 30°.
The results of 0° angle of attack were predicted with Lees' similarity theory,
using calculated flow properties at the boundary-layer edge. The calculated
flow properties were obtained from Newtonian theory for the 50° cone and from
a one- or two-strip solution using the method of integral relations for the
other cones. At 0° angle of attack, an increase in cone angle resulted in a
decrease in the heating rate over much of the body. However, high heating
rates occurred at the shoulder of both the & = 80° and § = 90° shapes because
of local pressure gradients. On the windward side of the cones, the heating
rate increased with angle of attack.

INTRODUCTION

Large angle cones are being considered for planetary probe configurations.
Methods for predicting the surface pressures, shock-wave shapes, and aerody-
namics of this class of bodies are necessarily complex because the flow is no
longer conical. Much has been done experimentally to provide data on the
character of the inviscid flow over these bodies and the data can be used to
substantiate prediction techniques (see, e.g., refs. 1-6). The probe designer
must also be able to predict the convective heating to these bodies. However,
experimental heating data for substantiating any prediction methods for this
class of bodies are lacking. To partially fill this need an investigation was
initiated in the Ames 42-inch shock tunnel to provide convective heat-transfer
data. The investigation was performed at a Mach number of 15 in air with cone
semivertex angles ranging from 50° to 90°. The results of this investigation
are presented herein.

APPARATUS AND TEST CONDITIONS

Facility

The tests were conducted in the Ames 42-inch shock tunnel (refs. 7 to
10). This facility uses combustion-heated driver gas to produce.a reflected
shock, tailored-interface reservoir of test gas at the end of a 40-foot-long,
6.2-inch-diameter shock tube. Initial values of reservoir pressure and



enthalpy were 286 atmospheres and 4000 Btu/lbm. The reservoir gas (air for

' the present tests) was expanded through a 20° conical nozzle to generate a

flow in the test region having a Mach number of 15 and a velocity of 13,600
feet per second. The corresponding Reynolds number, based on model diameter,
was 6700. The flow duration for each test was 20 milliseconds.

Models

The models (fig. 1) were cone-cylinders with a spherical nose cap, and a
shoulder radius joining the conical section to a short cylindrical afterbody.
The ratios of nose radius to body radius, and shoulder radius to body radius,
were 0.10 and 0.05, respectively. The forebodies included cones with half-
angles of 50°, 60°, 70°, and 80°, and a flat-faced cylinder. The models were
made of copper and had nominal wall thicknesses of 0.017 inch. Thermocouples
were located along a single ray from the stagnation point to the center of the
shoulder radius. Thermocouples were also located on the cylindrical afterbody
of the 80° cone and the flat-faced cylinder. Each thermocouple was made by
drilling two small holes 0.02 inch apart in the model wall and soldering a
pair of chromel-constantan No. 40 gage wire in these holes.

A 1-inch-diameter hemisphere, which provided a monitor measurement of
stagnation-point heat-transfer rate, was also located in the test region. It
was located 12 inches off the centerline of the test section and did not inter-
fere with the flow over the model. This hemisphere was also made of copper
but had a wall thickness of 0.007 inch. It was instrumented with a chromel-
constantan thermocouple in the same manner as the models.

Data Reduction

The heat-transfer data were obtained by measuring the increase of model
wall temperature as indicated by the thermocouples during a test of approxi-
mately 20 msec. Thermocouple outputs were amplified and recorded on a high-
speed oscillograph. The temperature-time data were curve-fitted with a
seventh-order polynomial. Heat-transfer rates at a given time were determined
from the equation,

q = pc,T(dT/dt) (1)

The estimated maximum error in q was *10 percent. Further details regard-
ing the data reduction and testing techniques are available in reference 10.

Because the heating rates determined from equation (1) changed over the
test time as a result of changes in the reservoir conditions, the measured
heating rate to the monitor hemisphere was used to normalize the test data.
This normalization resulted in a constant heating rate ratio over the usable
test time. Furthermore, it minimized small differences in heating-rate level
between runs that occurred because the test conditions could not be precisely
repeated.
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RESULTS AND DISCUSSION

Before the heat-transfer data are examined in detail, the flow field over
large-angle cones will be discussed briefly and some equations used to predict
the heating rates will be presented.

Increasing the cone angle beyond the detachment angle for a pointed cone
(e.g., 8§ = 58° for ideal air) causes significant changes in the inviscid flow.
For example, the bow wave over the conical portion of the cone changes from
conical to spherical and the flow along the cone surface changes from super-
sonic to subsonic (ref. 5). The inviscid subsonic shock-layer flow can no
longer be predicted by Newtonian theory as suggested by Lees in his study on
heating to blunt cones (see ref. 11). However, as shown in references 4 and
5, the inviscid flow over large-angle cones can be predicted by the method of
integral relations. For this method, the shock layer is divided into strips
concentric with the body, and the flow properties across the strips are repre-
sented by polynomials. The inviscid flow properties are then obtained by
numerically solving the governing conservation equations. The degree of the
polynomial depends on the number of strips. More details of this method may
be found in reference 12. For the present investigation, one- and two-strip
solutions were obtained for the cones with half-angles greater than 60°. For
the 60° cone, only a one-strip solution was possible because of numerical
difficulties.

Once the inviscid flow over the cones has been determined, one may apply
the theory proposed by Lees to predict the cone heating distribution. The
following equation can be formulated:

q/qhemi - (d/qst)Lees(qst/qhemi) (2)
where
4\ . (P05 (/0
('1 o s 1/2 1/2
s ees
Z.IP(p/pst)(ue/uw)?2 ds (1/u) (du_/ds) .
o
(2a)
and
c.l‘st - (due/ds)st (2b)
dhemi (due/ds)hemi



The heating rate has been made dimensionless by the stagnation-point heating
rate of a hemisphere to be consistent with the previously mentioned data nor-
malization. The heating rate to the hemisphere can be obtained from the
following equation taken from reference 13.

. P U 1.99 H |
_ st o . W
e = 809 IR (10,000.0) (1 - Ht> (3)

where R, is the radius of the hemisphere. In the derivation of equation (3),
a Newtonian velocity gradient was assumed at the stagnation point, that is,

(fu_3> =L “Pst (4)
ds Js¢ Rad Pt

Stagnation-Point Heating Rate

The measured stagnation-point heating-rate ratio is plotted in
figure 2 as a function of cone angle. There is a significant decrease in cone
stagnation-point heating with increasing cone angle. Also shown are the
ratios predicted by equation (2b). The prediction represented by the broken
line was based on Newtonian velocity gradients for the hemisphere and the
cones out to & = 58° (the pointed cone detachment angle for inviscid flow
theory with y = 1.4). Therefore, the predicted value is simply the square
root of the ratio of the hemisphere and cone-nose radii (see, eq. (4)). The
agreement with the measured ratio at & = 50° is very good. For cone angles
of 60° and larger, the method of integral relations was used to obtain the
cone stagnation-point velocity gradients in equation (2b) from one-strip
(solid line) and two-strip (dashed line) solutions. The data agree well with
the ratio formed by the more accurate, two-strip solution. The results in
figure 2 demonstrate that the changes in stagnation-point heating rate with
cone angle are due mainly to changes in stagnation-point velocity gradient.
Therefore, equation (3) in combination with an appropriate velocity gradient
ratio can be used to predict the stagnation-point heating.

Heating-Rate Distribution

Zero angle of attack.- The heating-rate distributions at 0° angle of
attack are given in figure 3. Data from two test runs are presented for each
cone angle. As the cone angle increases, the heating rates decrease markedly
for s/s. < 0.5. For s/sc > 0.5, there is little change except in the vicin-
ity of the shoulder for both the 80° cone and the flat-faced cylinder. 1In
this region, the heating rates exceed their respective stagnation-point
values. To obtain the lines on figure 3, equation (2) was used with the
appropriate inviscid flow-field quantities from Newtonian theory (§ = 50°)
and the method of integral relations (8 = 60°). The 50° cone data (fig. 3(a))




compare well with the heating-rate distribution predicted by equation (2) with
a Newtonian approximation for the inviscid flow-field properties. The 60°
cone data (fig. 3(b)) compare well with the heating-rate distribution pre-
dicted by a one-strip solution for the inviscid flow properties in equation
(2). The data for & > 60° (figs. 3(c) to 3(e)) compare better with the two-
strip solution because the one-strip solution does not adequately predict. the
inviscid flow in the stagnation region. The differences between. theory and
experiment on the shoulder regions of the 80° cone are attributed to a combi-
nation of two factors: (1) the theory neglects pressure gradient effects
(e.g., see ref. 6), and (2) the experimental measurements on the small shoulder
radii are uncertain. It was expected that these factors also would influence
the comparison for & = 90°, but this is not evidenced in the data.

Angle of attack to 30°.- Windward heat-transfer data on the 50°, 60°, and
70° cones, for angles of attack between 0° and 30°, are shown in figure 4. '
Note that s/s. = 0 is the location of the geometric center of the spherical
nose cap. Lines have been faired through the data to aid in the interpreta-
tion. On the 50° and 60° cones, the heat transfer at s/s. = 0 decreases, and
the heating rates along the conical sections increase with increasing angle of
attack (figs. 4(a) and 4(b)). On the 70° cone, differences in heating rates
at s/s. = 0 are small with increasing angle of attack except at o = 30°. At
this large angle the heating rate decreases markedly, as might be expected,
since the spherical cap is swept with respect to the incident stream. The
trend near the shoulder of the 70° cone is similar to that of the 50° and 60°
cones. However, the heating along the middle of the 70° cone conical section
decreases with increasing angle of attack. No attempt was made to predict the
heating rate at angle of attack because of the complexity of the flow field.

CONCLUSIONS

A study of convective heating rates on blunted cones with cone half-
angles between 50° and 90° in air at Mach 15 resulted in the following
observations:

1. At 0° angle of attack, an increase in cone angle resulted in a
decrease in the heating rate level over most of the test model, especially at
the stagnation point. Decreases in stagnation-point heating were adequately
estimated by accounting for decreases in stagnation-point velocity gradient.

2. At the shoulder of the 80° cone and the flat-faced cylinder, the
heating rates were higher than at the stagnation point, probably because of
the .influence of large local pressure gradients.

3. In general, Lees' similarity theory used in conjunction with estimated
pressure distributions adequately predicted heating rates over the surface of
the models at 0° angle of attack.



4. With increasing angle of attack, the heating rates to the 50°, 60°,
and 70° cones increased on the windward surface. An exception to this behav-
ior was the 70° cone on which the heating rates decreased near the middle of
the conical section with increasing angle of attack.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, Aug. 12, 1969
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Figure 1l.- Typical blunted cone configuration.
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Figure 3.- Continued.
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